Abstract. In this work we present a study of the evolution of two models in Loop Quantum Cosmology, one corresponding to an homogeneous isotropic model with interacting matter field and one with a positive cosmological constant. We show that an adiabatic approximation in a perturbative scheme is in general not consistent and work a more general setting by means of effective Loop Quantum Cosmology (LQC).
INTRODUCTION
Loop quantum cosmology gives rise to a potentially general mechanism which removes space-time singularities [1, 2, 3] . A model sourced by a free, massless scalar field was studied in LQC and it was shown that an initial semiclassical state remained semiclassical to a high degree throughout its evolution, before and after the big bang [4] . This analysis was possible due to the absence of a potential, allowing a direct calculation of observables which, in turn, made it possible to evaluate numerical solutions to the underlying evolution equations for physical information [5, 6] .
Semiclassical approximations are of importance throughout physics in order to extract new effects or potentially observable phenomena in regimes in which quantum features are relevant but not dominant. fall in this class of situations. Semiclassical physics is useful to demonstrate consistency with large-scale properties of the universe and to approach potential low-energy observations, and, for this reason, the development of systematic semiclassical approximations is one of the major requirements in current quantum-gravity research, especially for approaches such as loop quantum gravity whose underlying principles do not make use of a continuum geometry and perturbations around it.
In loop quantum gravity and cosmology, the main tool available at a dynamical level is that of effective equations which describe the evolution of expectation values in a dynamical state [7] . With an infinite number of independent moments of a state, there are infinitely many quantum degrees of freedom, making the general system of equations difficult to analyze. In semiclassical regimes, however, the infinite set of equations reduces to finite sets at any given order of the expansion by powers ofh.
In this paper we show the results of [8, 9] , where we studied two models in LQC. First we considered an isotropic model in loop quantum gravity with a massive and self-interacting scalar. In particular we tested if quantum back-reaction effects remain negligible or if they have a strong effect on the evolution or in the appearance of a bounce.
The second example is a spatially flat isotropic universe with a positive cosmological constant and a homogeneous free and massless scalar field as an internal time, allowing one to reformulate the constrained system as ordinary Hamiltonian evolution. We show that generic bounce is present in the models and obtain generic numerical evolution that can be in principle be extended to more general settings.
INTERACTIVE MASSIVE MODEL Description
We start with the Friedmann equation in an isotropic and homogeneous background with a scalar field φ . It can be written as a constraint C = 0 with
in terms of canonical variables |p| = a 2 , c = da/dτ (using proper time τ) for the metric and p φ = a 3 dφ /dτ as the canonical momentum conjugate to φ . The Planck constanth has dimensions of length squared if G is ignored inhG = 2 P with the Planck length P . The variable p is derived from an isotropic densitized triad [10] and can thus in general assume both signs, however, it will be sufficient to use only positive values of p .
Internal time. We use as a relational time the scalar field φ instead of using a coordinate time τ, we solve (1) for p φ ,
and view the right hand side as a Hamiltonian generating relational evolution in φ . LQC quantization. We now study perturbations around the solvable model determined by a loop Hamiltonian following [12] for the zeroth order solutions. In a loop quantization we employ a free Hamiltonian, p sin c, and the classical expression cp is reproduced in its classical, small-curvature limit. We make use of the non-canonical variables p together with J = pe ic , in which the system becomes linear.
In general quantum systems, the equations of motion form a system of infinitely many coupled equations involving the quantum variables [7, 11] 
together with the quantum-corrected Hamiltonian
For perturbative solutions of the expectation values we use free solutions p 0 (φ )
The zeroth order is implemented by starting with the zeroth order solutions. The linear order can then be seen to be satisfied as well, such that the bouncing behavior at zeroth order is not affected by the perturbation. It can be seen that also higher orders preserve this.
POSITIVE COSMOLOGICAL CONSTANT
Zeroth and second corrected orders. We considered a second model that includes a positive cosmological constant Λ [9]
where V = a 3 and P = −ȧ/a. We have, as before, a quantum-corrected Hamiltonian
where
The main idea is to see how strong the quantum back-reaction in the evolution is.To zeroth (classical) order the analysis can be performed analytically, for second and higher order corrections a numerical study must be performed, thus making the issue of stability a key point.
Equations of motion are obtained, as in any classical mechanical system, by means of Poisson brackets between variables and the Hamiltonian. We obtain second order equations in fluctuations and expectation values, as for examplė or coupled equations such aṡ
It can be seen from this las equation that the term Λ/G 2,0 will eventually dominate, if one starts from a weak back-reaction state and near the divergence of V , thus showing that quantum back-reaction is important and that we cannot ignore higher order correction terms.
Higher order corrections. The motivation for studying higher order corrections comes from the fact stated in the last paragraph, namely that, even at second order, and starting with a weak back-reaction state, the evolution near the classical singularity becomes highly back-reaction corrected. The analysis of higher order corrections is, then, numerical in nature, where proper care must be taken. We choose the initial state corresponding to an unsqueezed Gaussian pulse in the volume,
The initial moments are given by
if a and b are even (11) Chosen the initial state, the only choice left is the value of σ ∼ ∆V = √ G 2,0 ∼ O( √h ) A numerical analysis up to tenth in corrections order is now under way and results are to be shown graphically as well as numerically, as shown on figure 1.
In this paper we showed the usefulness of the effective perturbative scheme developed in [7] to study cosmological scenarios and the quantum back-reaction imprint on their evolution. As was stated above, the complicated structure of the evolution equations in cosmological models, and particularly those coming from quantum cosmological models, makes their study rather complicated, where generic aspects are difficult, if not impossible, to see. Our method has been quite useful in performing a perturbative analysis of such models. Not only it provides a general setting for the obtention of evolution equations, but one can obtain characteristics that cannot be seen in other schemes.
In the model with a massive interacting scalar we showed that back-reaction of quantum fluctuations on expectation values cannot be ignored. We demonstrated that in a Wheeler-DeWitt quantization, a usual adiabatic perturbation evolution scheme is not consistent and a more general treatment needs to be used, employing higher dimensional effective systems such as ours. Moreover, we were able to prove that, at least in the regime where the use of the scalar field as an internal time is valid, the avoidance of the (classical) singularity by a bounce is generic.
In a more phenomenologically interesting scenario we studied also a cosmological model with a massless scaler field and a positive cosmological constant where, again, strong quantum back-reaction effects are present and one cannot ignore them, nor can we use a low-order perturbation scheme in studying the evolution. We developed a robust numerical analysis where the issue of stability and convergence is well under control. We could see that a semiclassical state (Gaussian initial state) rapidly deviates from that regime because of the back reaction, but later on the evolution it settles and resembles the original behavior.
